Lifelong self-renewal of the adult intestinal epithelium requires the activity of stem cells located in mucosal crypts. Lgr5 and Bmi1 are two molecular markers of crypt-cell populations that replenish all lineages over time and hence function as stem cells. Intestinal stem cells require Wnt signaling, but the understanding of their cellular niche is incomplete. Lgr5-expressing crypt base columnar cells (CBCs) reside deep in the crypt, mingled among mature Paneth cells that are well positioned for short-range signaling. Partial lineage ablation previously had implied that Paneth cells are nonessential constituents of the stem-cell niche, but recently their absence was reported to interfere with Lgr5 + CBCs, resurrecting an appealing idea. However, previous mouse models failed to remove Paneth cells completely or permanently; defining the intestinal stem-cell niche requires clarity with respect to the Paneth cell role. We find that Lgr5 + cells with stem-cell activity cluster in future crypts early in life, before Paneth cells develop. We also crossed conditional Atoh1 −/− mice, which lack Paneth cells entirely, with Lgr5 GFP mice to visualize Lgr5 + CBCs and to track their stemcell function. In the sustained absence of Paneth cells, Lgr5 + CBCs occupied the full crypt base, proliferated briskly, and generated differentiated progeny over many months. Gene expression in fluorescence-sorted Lgr5 + CBCs reflected intact Wnt signaling despite the loss of Paneth cells. Thus, Paneth cells are dispensable for survival, proliferation, and stem-cell activity of CBCs, and direct contact with Lgr5-nonexpressing cells is not essential for CBC function. S tem cells in selected adult tissues, such as the bone marrow, skin, and digestive tract, play a vital role in replenishing multiple cell types throughout life, and their unique and potent capacity for self-renewal is replicated in cancer (1). These stem cells occupy specialized niches and respond to the local environment (2). The functions of such niches range from delivering trophic signals that control cell proliferation and prevent stemcell depletion to preventing unrestrained cell replication (3). Defining the cellular and molecular constituents of adult stem-cell niches therefore is an important challenge in biology and medicine.
Lifelong self-renewal of the adult intestinal epithelium requires the activity of stem cells located in mucosal crypts. Lgr5 and Bmi1 are two molecular markers of crypt-cell populations that replenish all lineages over time and hence function as stem cells. Intestinal stem cells require Wnt signaling, but the understanding of their cellular niche is incomplete. Lgr5-expressing crypt base columnar cells (CBCs) reside deep in the crypt, mingled among mature Paneth cells that are well positioned for short-range signaling. Partial lineage ablation previously had implied that Paneth cells are nonessential constituents of the stem-cell niche, but recently their absence was reported to interfere with Lgr5 + CBCs, resurrecting an appealing idea. However, previous mouse models failed to remove Paneth cells completely or permanently; defining the intestinal stem-cell niche requires clarity with respect to the Paneth cell role. We find that Lgr5
+ cells with stem-cell activity cluster in future crypts early in life, before Paneth cells develop. We also crossed conditional Atoh1 −/− mice, which lack Paneth cells entirely, with Lgr5 GFP mice to visualize Lgr5 + CBCs and to track their stemcell function. In the sustained absence of Paneth cells, Lgr5 + CBCs occupied the full crypt base, proliferated briskly, and generated differentiated progeny over many months. Gene expression in fluorescence-sorted Lgr5 + CBCs reflected intact Wnt signaling despite the loss of Paneth cells. Thus, Paneth cells are dispensable for survival, proliferation, and stem-cell activity of CBCs, and direct contact with Lgr5-nonexpressing cells is not essential for CBC function. S tem cells in selected adult tissues, such as the bone marrow, skin, and digestive tract, play a vital role in replenishing multiple cell types throughout life, and their unique and potent capacity for self-renewal is replicated in cancer (1) . These stem cells occupy specialized niches and respond to the local environment (2) . The functions of such niches range from delivering trophic signals that control cell proliferation and prevent stemcell depletion to preventing unrestrained cell replication (3) . Defining the cellular and molecular constituents of adult stem-cell niches therefore is an important challenge in biology and medicine.
Intestinal stem cells reside in mucosal crypts and generate four distinct cell types. Enterocytes, goblet cells, and enteroendocrine cells line deep crypts in the colon and villi that project into the small bowel lumen; Paneth cells lie at the crypt base in the small intestine, increasing in number from duodenum to ileum, but are absent from the colon (4) . Two small intestine crypt-cell populations are able to generate all four cell types over extended periods: Lgr5-expressing crypt base columnar cells (CBCs), which lie deep in the crypt, interspersed among Paneth cells (5) , and Bmi1-expressing cells that occupy several crypt tiers, most notably the +4 position (6) . Although recent evidence suggests that each of these cell populations can engender the other (7-9), CBCs fulfill all criteria for adult tissue stem cells, similar to Lgr5-expressing cells in the stomach (10) and hair follicles (11) . In the intestine, Lgr5 gene expression responds to Wnt signaling (5), which controls essential stem-cell properties (12, 13) , but the source of Wnt ligands and the requisite cellular constituents of the stem-cell niche are unclear.
Mature Paneth cells secrete microbicidal peptides, enzymes, and growth factors (14) , and their tissue location in small intestine crypts suggests a possibly key role in the stem-cell niche. Using transgenic CR2-tox175 mice, which express diphtheria toxin from the mouse Cryptdin2 promoter to destroy Paneth cells, investigators found that crypt proliferation and differentiation were preserved (15) . However, Paneth cell loss in this model was incomplete; significant numbers persisted in older mice, and the unavailability of stem-cell markers hindered precise elucidation of stem functions in this context. Recent reexamination of the role of Paneth cells in the Lgr5 + CBC niche in Gfi1 −/− (16), conditional Sox9 −/− (17, 18) , and CR2-tox175 mice led to the conclusion that Lgr5 + cells require the presence of adjacent Paneth cells (19) . Importantly, Paneth cell loss in all these animal models was incomplete or temporary; also, the means used to remove Paneth cells may have affected CBCs directly. To overcome these limitations, we crossed Lgr5 GFP-IRES-CreER knockin (5) and Villin-CreER transgenic (20) mice to conditional-null Atoh1 flx/flx mice (21), a mutant strain that totally and permanently eliminates all intestinal secretory lineages, including Paneth cells. By visualizing Lgr5 + CBCs directly and using long-term lineage tracing to monitor stem cell progeny in the unambiguous and sustained absence of Paneth cells, we show that this differentiated lineage is dispensable for CBC survival, proliferation, stem cell activity, and response to Wnt signaling. In agreement with these findings, Lgr5 + cells cluster in future crypts and show stem-cell activity early in gut maturation, before Paneth cells develop.
Results

Lgr5
+ Cells Localize in Intestinal Intervillus Regions Before Birth and Exhibit Stem-Cell Properties in the Absence of Paneth Cells. Because Lgr5 marks a stem-cell population in intestinal (5) and distal stomach (10) epithelia and in hair follicles (11), Lgr5 + cell properties have been characterized in detail in normal adult tissues (22) , but their emergence has not been examined in detail during intestine development. We examined the distribution of Lgr5 + intestinal cells in fetal and newborn mice, using native GFP expression to monitor Lgr5 + cells in Lgr5
GFP-IRES-CreER mice, which express GFP in Lgr5 + CBCs in a mosaic fashion (5). At embryonic day 15 (E15), when the pseudostratified intestinal epithelium has formed the first villi lined with columnar cells, no GFP expression was evident in the duodenum, the proximal segment of the intestine where Lgr5 + cells are most abundant in adults ( Fig. S1 A and B) . On postnatal day 1 (P1), Lgr5 + cells already were sharply localized to the intervillus zone of proliferating cells (Fig. 1A) , suggesting that developing progenitors acquire Lgr5 expression and not that ubiquitous Lgr5 expression becomes restricted. Lgr5 + cells remained confined to the intervillus regions and emerging crypts at postnatal days 5 (P5), 10 (P10), 15 (P15), and 21 (P21) (Fig. 1 B-D and Fig. S1C ), as they are in adults. Although GFP + intervillus cells were interspersed with GFP − cells at P1 (Fig. S1D ), this intermingling was rarely the case at P5 or P10, when the deep intervillus space of GFP + crypts contained only GFP + cells ( Fig. 1 B and C) ; this distribution is distinct from the intermingled pattern of Lgr5 + and Paneth cells at P21 (Fig. 1D ) and thereafter. Consistent with previous reports that recognizable Paneth cells appear gradually after birth (23) , immature cryptdin-expressing Paneth cells were infrequent at P5 or P10 (Fig. 1E) and were observed to mingle among GFP + cells only at P15 and P21 (Fig. 1 F and G) ; only 20% of P5 intervillus regions expressed the Paneth-cell marker Crs4c1. Lysozyme staining revealed more mature Paneth cells at P15 and fuller maturation by P21 (Fig. S1E) . Cells at the intervillus base uniformly exhibited ultrastructural characteristics attributed to CBCs (5): a broad base, narrow apical cytoplasm, wedge-shaped basal nucleus, numerous supranuclear mitochondria, and absence of secretory granules ( Fig. 1H and Fig. S2A ). Only 10 of 100 intervillus regions showed one or more cells with immature Paneth-like granules (Fig. S2B ). (19) . In these mouse models, the decline in stem-cell numbers generally followed that of Paneth cell numbers, but no model eliminated Paneth cells completely (19) . We therefore reexamined the requirement for Paneth cells in a mouse model with complete and unambiguous loss of Paneth cells in affected crypts. The intestineand neural-restricted transcription factor Atoh1 is necessary to produce intestinal secretory cells, including Paneth cells (21, 25) . We crossed Lgr5
GFP-IRES-CreER mice to Atoh1 flx/flx mice, which carry a conditional floxed null allele, and studied the compound mutants 3 wk after administration of tamoxifen. Because Paneth cells have a long life (26) , and a few cells persisted after 3 wk ( To exclude an artifact that might follow from mosaic Cre expression in Lgr5
Cre mice, we also crossed Lgr5 GFP-IRES-CreER ; Atoh1 flx/flx mice to the Villin CreER strain (20); in the resulting progeny, Villin
CreER drives Atoh1 deletion in all crypts, and Lgr5 GFP provides a means to visualize Lgr5 + CBCs in a significant fraction of those crypts. Within 2 wk of tamoxifen injection, Villin
Cre -mediated Atoh1 deletion removed Paneth cells throughout the intestine, consistent with a requirement for Atoh1 in Paneth cell survival and representing total, sustained Paneth cell loss of unprecedented scope. Fewer than 1 in 500 crypts escaped total Paneth cell depletion; the crypts that avoided total depletion of Paneth cells contained residual long-lived cells from a previous renewal cycle before Cre-mediated Atoh1 deletion (Fig. S3B) . In crypts that entirely lacked Paneth cell markers, we again observed uniform GFP staining, demonstrating that Lgr5 + CBCs were intact and lacked intermingled cells (Fig. 2 G-I) . In situ hybridization analysis for the independent CBC marker Olfm4 (27) after Villin-Cre-mediated Atoh1 and Paneth cell loss revealed intact Olfm4 + stem cells throughout crypt bases ( Fig. 2 J and K), indicating that these cells are bona fide CBCs and are not residual GFP + descendants. Moreover, compared with control mice, GFP + cells were modestly increased in number in the absence of Paneth cells (Fig. S3C) . To see if CBCs may be affected more adversely by reduced Paneth cell numbers than by their total absence, we modulated each animal model, administering a single 0.1-mg dose of tamoxifen to Villin CreER ;Lgr5
GFP ;Atoh1 flx/flx mice or examining Lgr5
GFP-IRES-CreER
;Atoh1 flx/flx mice 2 wk after tamoxifen treatment. These approaches allowed us to examine individual crypts containing small numbers of residual Paneth cells; neither approach to subtotal Paneth cell depletion decreased GFP + CBCs (Fig. S3C) . 
Proliferation of Lgr5
+ CBCs Is Increased and Stem-Cell Activity Is
Preserved in the Absence of Paneth Cells. Two weeks after tamoxifen administration, the proliferative marker Ki67 revealed that all crypt cells in Villin CreER ;Atoh1 flx/flx mice were replicating actively, compared with 82% of cells in wild-type crypts (Fig. 3 A and B) . To look specifically at proliferation of Lgr5 + CBCs, we introduced the S-phase marker BrdU into Villin CreER ;Lgr5
GFP-IRES-CreER
;Atoh1 flx/flx mice 3 wk after tamoxifen injection, confirming that Paneth cells were eliminated by this time (Fig. S2C) . Sequential analysis of native GFP/Lgr5 expression and BrdU immunostaining revealed a 14% absolute increase in the fraction of BrdU + cells among Lgr5 + CBCs compared with control Lgr5 GFP-IRES-CreER intestines (Fig. 3 C-G) . To test if this increased proliferation of Lgr5 + CBCs accelerates epithelial turnover, we traced BrdU after a single pulse. Progression of BrdU-stained cells along the crypt-villus axis at 1 h, 1 d, and 2 d was similar in mutant and wild-type mice (Fig. S4A ). In agreement with enhanced cell replication, however, we did find 13% and 15% increases in crypt height in the duodenum and ileum, respectively, in Atoh1-depleted intestines (Fig. S4B) .
To test long-term stem-cell activity of these proliferating Lgr5 mice 3 mo after tamoxifen administration. These mice revealed Lgr5 + CBC-derived mature cells in entire villi in the complete and persistent absence of Paneth cells (Fig. 4 A and B) . Although villus cells derived from Lgr5 + CBCs lacked secretory markers, as expected because of the Atoh1 −/− genetic background (25) , these data demonstrated the cardinal stem-cell property of selfrenewal over a period of at least 3 mo. To exclude again the possibility of artifacts resulting from mosaic Cre expression in Lgr5
CreER mice, we asked the same question when Paneth cells were eliminated throughout the intestine in Villin CreER mice. Three months after pulse tamoxifen exposure, Villin CreER ; Lgr5 GFP-IRES-CreER ;Atoh1 flx/flx ;Rosa26 YFP mice also showed YFP staining throughout intestinal villi (Fig. 4C) (Fig. 5A) for quantitative RT-PCR (qRT-PCR) analysis of Wnt target genes. Consistent with enhanced proliferation of Lg5 + CBCs in Paneth cell-depleted crypts, the levels of Wnt target transcripts, including genes associated with cell proliferation such as CD44, Myc, and Ccnd1, were unaffected or even increased compared with wild-type cells (Fig.  5B) . Immunohistochemistry further showed expansion of the CD44 expression domain into the crypt base (Fig. 5C) , which is fully occupied by Lgr5 + CBCs, and verified the modestly reduced Sox9 expression evident by qRT-PCR (Fig. 5D) . Thus, robust crypt cell proliferation in the absence of Paneth cells (Fig. 3) reflects a substantially preserved segment of the Wnt transcriptional response, implying that another source of Wnt signaling must remain active in vivo. To ask if Lgr5 + CBCs themselves might elaborate Paneth-expressed Wnt ligands, thus representing such a source, we tested Wnt3 and Wnt11 mRNA levels in sorted Lgr5
+ cells by qRT-PCR. We found no Wnt11 expression, irrespective of Paneth cell exposure, and low Wnt3 levels were reduced further in Lgr5
+ cells from Paneth cell-depleted crypts (Fig. S4C) . Unless CBCs express another Wnt ligand, these data suggest in vivo Wnt sources other than Lgr5 + or Paneth cells.
Discussion
We critically examined the proposed role of Paneth cells in the Lgr5 + CBC niche, using Atoh1 conditional-null mice to eliminate Paneth cells totally and reliably. We used Lgr5
GFP-IRES-CreER
mice to visualize CBCs through native GFP staining and, separately, Lgr5
CreER and Villin-CreER mouse strains to delete Atoh1 in a mosaic and nonmosaic fashion, respectively. Lgr5 These conclusions contrast with the idea that Paneth cells are integral to the intestinal stem-cell niche (19) . Our approach differed most notably from previous studies in that Atoh1-null mice show complete and sustained Paneth cell loss, whereas Gfi1 −/− and CR2-tox175 mice showed incomplete loss, and removal of Paneth cells in Sox9-mutant mice was transient (19) . The Paneth cell zone is occupied by replicating cells in both CR2-tox176 (15) and Gfi1 −/− (16) mice. Moreover, because Sox9 is expressed in both Paneth cells and CBCs (17, 18) (Fig. 5D) , the requirement attributed to Paneth cells might reflect instead a parallel, cell-autonomous role for Sox9 in Lgr5 + CBCs. In two previous characterizations of efficient, Villin-Cre-driven Sox9 depletion from the whole intestinal epithelium, crypt size and crypt-cell proliferation were enhanced in the face of Paneth cell loss (17, 18) ; because Villin-Cre expression begins in embryos (20, 28), whereas Ah-Cre was induced in adult mice (29) , a difference in timing may explain the different outcomes. Last, mice lacking the transcription factor XBP1 also lack Paneth cells but show intact crypt cell replication (30) . Although Lgr5 + CBCs were not examined specifically in the latter strain, these findings collectively support our conclusion that Paneth cells are not essential for proliferation of CBCs or other crypt progenitors. + cells located in the +4 crypt tier (7) (8) (9) . Extending these findings to interpret our data, Rosa-YFP-marked Lgr5 + cells could, in principle, give rise to +4 cells that subsequently drive Paneth cellindependent crypt and villus renewal. In this case, the +4 cells must continually replenish Lgr5 + CBCs that thrive in the absence of Paneth cell support. Future delineation of the relationship between CBCs and +4 cells will resolve these questions.
CBCs express Notch receptors, and Paneth cells express the corresponding ligands (19) . Accordingly, Paneth cells are postulated also to signal to CBCs through Notch, a key regulator of crypt cell activities (33, 34) , and Paneth cell loss might eliminate Notch signaling in Lgr5 + cells. All intestinal consequences of Notch-pathway inactivity, such as crypt-cell replication arrest and secretory-cell metaplasia, likely occur through induced Atoh1 expression (35) (36) (37) , and therefore stem-cell deficits resulting from lack of Notch signaling might be masked in the absence of Atoh1. A requirement for Atoh1 solely to mitigate the effects of Notch inactivity in Lgr5 + CBCs, irrespective of Paneth cells, thus offers one explanation for intact stem-cell function in Atoh1 −/− intestines. However, findings in mouse models of Paneth cell deficiency and preserved Atoh1 function make this explanation unlikely. Secretory-cell metaplasia, as expected in the absence of Notch signaling (33, 34) , is not observed in CR2-tox176 mice, which carry 95% fewer Paneth cells than wild-type mice 4 wk after birth (15) cells to survive, replicate, or contribute toward long-term villus cell replacement, a reliable measure of intestinal stem-cell selfrenewal. Immunohistochemistry. Tissues were fixed overnight in 4% paraformaldehyde at 4 ºC and were washed three times in PBS. For cryo-embedding, fixed tissues were incubated overnight in 30% sucrose in PBS at 4 ºC and then were embedded in Optimal Cutting Temperature compound (OCT; Sakura); sections were cut at 10-μm thickness. For paraffin-embedding, fixed tissues were dehydrated, embedded in paraffin, and sectioned at 5-μm thickness. Antigens were retrieved in 10 mM Na citrate buffer (pH 6) followed by blocking of endogenous peroxidase activity in methanol and 3% H 2 O 2 . After blocking with 10% FBS, samples were incubated overnight at 4 ºC with one of the following antibodies: Crs4c1 [1:1,000; gift of Andre Ouellette (University of Southern California, Los Angeles, CA)], lysozyme (1:200; Invitrogen), Ki67 (clone MM1; 1:1,000; Vector Laboratories), BrdU (1:300; AbD Serotec), CD44 (1:500; eBioscience), or Sox9 (1:300; Millipore). Immunohistochemistry samples were washed and treated with biotin-conjugated antimouse or anti-rabbit IgG (1:300; Vector Laboratories). Color reactions were developed with Vectastain avidin-biotin complex (ABC kit; VectorLaboratories) and diaminobenzidine substrate (Sigma-Aldrich).
Materials and Methods
In Situ Hybridization. After overnight fixation in 4% paraformaldehyde at 4 ºC, intestines were embedded in OCT compound (Sakura). Cut 10-μm sections were treated with10 μg/mL proteinase K (Roche) and hybridized overnight at 64 ºC with digoxigenin-labeled antisense. The riboprobe for Olfm4 was generated from IMAGE clone IRCKp5014N1115Q (Source BioScience imaGenes). Slides were washed in 2× SSC, incubated with alkaline phosphatase-conjugated digoxigenin Ab (1:2,000; Roche) and, to develop the stain, treated with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche).
Crypt Isolation, Lgr5 + CBC Sorting, and qRT-PCR Analysis. Intestines of control Lgr5 GFP-IRES-CreER and Villin CreER ;Lgr5
GFP-IRES-CreER
;Atoh1 flx/flx mice were dissected and washed in cold PBS. Villi were removed by scraping with glass microslides (Surgipath). To isolate crypt epithelium, samples were transferred to 5 mM EDTA in PBS (pH 8), followed by three 1-min shakings by hand, a 15-min incubation at 4 ºC, and passage through 70-μm filters (BD Falcon) to collect the flowthrough. After treatment of crypts for 45 min in 3.3% TrypLE (Invitrogen) to disaggregate cells, Lgr5 + CBCs were sorted by flow cytometry. RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed using SuperScript enzyme (Invitrogen). cDNA was assessed using SYBR green master mix (Applied Biosystems). Threshold cycle (C t ) values for the test transcripts first were normalized with respect to Gapdh and are expressed as ratios of transcript levels in mutant cells to transcript levels in wild-type cells. Means and SDs for each group (n = 2) were calculated using Microsoft Excel.
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